Abstract Carbon contents in reduced Martian basalts at graphite saturation were experimentally studied at 1400-1550°C, 1-2 GPa, and logfO 2 of IW À 0.4 to IW + 1.5 (IW denotes the Fe-FeO buffer). The results show that carbon solubility in Martian basalts, determined by secondary ion mass spectrometry, is 20 to 1400 ppm, increasing with increasing fO 2 . Raman and Fourier transform infrared spectroscopic measurements on the quenched silicate glasses show that the dominant carbon species in Martian basalts is carbonate (CO 3 2À ). The experimental data generated here were combined with literature data on similar graphite-saturated carbon solubility for mafic-ultramafic compositions to develop an empirical model that can be used to predict carbon content of graphite-saturated reduced basalts at vapor-absent conditions: in which T is temperature in K, P is pressure in GPa, X H2O is mole fraction of water in basalts, ΔIW is the oxygen fugacity relative to the IW buffer, and NBO/T = 2 total O/T À 4 (T = Si + Ti + Al + Cr + P). This model was applied to predict carbon content in graphite-saturated mantle melts of the Mercury, Mars, and the Moon. The results show that graphite may be consumed during the production and extraction of some Martian basalts, and CO 2 released by volcanism on Mars cannot be an efficient greenhouse gas in the early Mars. The lunar mantle carbon may be one of the main propellant driving the fire-fountain eruption on the Moon; however, the Mercurian mantle carbon may not be an important propellant for the explosive eruption on Mercury.
Introduction
Carbon content in mantle-derived mafic partial melts plays an important role in determining the distribution and cycle of carbon in different planetary reservoirs. In planetary atmospheres, CO 2 and/or CH 4 can modulate the surface climate and maintain habitable conditions for the origin of life and the formation of biosphere [Hirschmann and Withers, 2008; Kasting, 1997; Sagan and Mullen, 1972; Sleep and Zahnle, 2001] . Carbon can also significantly affect the physical and chemical properties of mantle materials and result in chemical differentiation by promoting partial melting [e.g., Wyllie and Huang, 1975; Eggler, 1978; Dasgupta, 2013; Dasgupta et al., 2013a; Sifré et al., 2014] . Carbon-bearing volatiles could also be important propellants for the explosive volcanic eruptions on the Moon and Mercury [Kerber et al., 2009; Nicholis and Rutherford, 2009; Rothery et al., 2014; Rutherford and Papale, 2009] .
solubility and speciation of carbon in silicate melt, which are mainly controlled by pressure, temperature, melt composition, and fugacities of H 2 O, H 2 , and O 2 , have been studied extensively at conditions corresponding to the Earth's present mantle and crust [e.g., Duncan and Dasgupta, 2014; Holloway et al., 1992; Mysen et al., 2011; Ni and Keppler, 2013] . However, both the solubility and speciation of carbon in reduced mafic silicate melt, which are more relevant for the reduced silicate mantles of Mars, Mercury, and the Moon, are poorly constrained and are topics of active investigation and debate [Armstrong et al., 2015; Chi et al., 2014; Dasgupta et al., 2013a; Kadik et al., 2004; Li et al., 2015; Stanley et al., 2011; Stanley et al., 2014; Wetzel et al., 2013; Yoshioka et al., 2015; Li et al., 2016] . At the Earth's present upper mantle conditions, carbon in mafic silicate melts is dissolved mainly as carbonates Holloway et al., 1992; Mysen et al., 2011; Ni and Keppler, 2013] . The decrease of carbonate in silicate with decreasing fO 2 implies that the carbon dissolved in reduced silicate melt may be dominated by reduced carbon species. A variety of reduced carbon species have been detected by Raman and/or Fourier transform infrared (FTIR) spectroscopy in reduced, graphite-saturated basaltic melts, which include CH 4 and other C-H molecules [Chi et al., 2014; Li et al., 2015; Mysen et al., 2011; Li et al., 2016] , Si-C [Kadik et al., 2004] , iron carbonyls Fe(CO) 5 and possibly Fe(CO) 6 2À [Stanley et al., 2014; Wetzel et al., 2013] , and C≡O [Armstrong et al., 2015; Yoshioka et al., 2015] . However, the results of these studies are largely inconsistent with each other. In addition, previous experiments were performed on some specific silicate melt compositions, and the application of these experimental results to different planetary bodies may involve a large uncertainty. Furthermore, to constrain the carbon flux degassed from the reduced mantles, previous studies usually assume that during reduced mantle melting, graphite is present throughout the melting interval [e.g., Hirschmann and Withers, 2008; Stanley et al., 2011] . However, whether or not graphite remains stable depends significantly on the degree of partial melting, the carbon abundance in the reduced mantles, and carbon solubility in the reduced mantle melts.
The not fully constrained carbon species and solubility in reduced silicate melts cause the species and budget of carbon degassed from the reduced silicate mantles to the atmospheres to be somewhat uncertain, and thus the quantitative role of carbon in modulating climate of early planets, such as Mars, and the role of carbon in driving explosive volcanism on the Moon and Mercury remain incompletely constrained. In this study, in order to further constrain the carbon speciation and solubility in reduced planetary mantle melts, we first present new experimental results on carbon solubility and speciation in Martian basalts at relevant P-T-fO 2 conditions. Then, combing with recent data sets of carbon solubility in reduced, different mafic melts [Armstrong et al., 2015; Chi et al., 2014; Dasgupta et al., 2013b; Li et al., 2015; Stanley et al., 2014; Wetzel et al., 2013; Li et al., 2016; , we develop an empirical model that can be used to predict carbon solubility in mantle melts of Mars, Mercury, and the Moon.
Methods

Starting Materials
Starting materials included about 60-70 wt % of a synthetic Martian basalt and about 30-40 wt % mixture of Fe-Ni powder. Three different Martian basalts corresponding to olivine-phyric shergottites Yamato 980459, NWA2990, and Fastball were synthesized (Table 1) . These compositions were chosen because they are thought to be Martian mantle-derived primary magmas [Filiberto et al., 2010; Filiberto and Dasgupta, 2011; Filiberto and Dasgupta, 2015] . The composition of mixture of Fe-Ni powder varied from 5 to 75 wt % Fe in order to control the experimental oxygen fugacity in the range of the Martian mantle (IW À 1 to IW + 1 [Wadhwa, 2008] ) ( Table 2 ). The synthetic Martian basalts were prepared from high-purity oxides and carbonates. To minimize adsorbed water, SiO 2 , TiO 2 , Al 2 O 3 , and MgO powder were each fired over night at 1000°C, Fe 2 O 3 at 800°C, MnO 2 at 400°C, CaCO 3 at 200°C, and Na 2 CO 3 and K 2 CO 3 at 110°C. After drying, all the oxides and carbonates were first mixed and ground in ethanol in an agate mortar and dried at room temperature overnight. Well-mixed powders were reduced and decarbonated at 1000°C and the oxygen fugacity of FMQ-2 for 24 h using a CO-CO 2 gas mixing furnace. The mixture of Fe-Ni powder was prepared from highpurity Fe and Ni powder, homogenized by grinding under ethanol in an agate mortar, and dried at room temperature. All the dried materials were stored in a desiccator at 100°C for >24 h before loading into graphite capsule for high-pressure experiments.
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High-Pressure Experiments
All the experiments were conducted using an end-loaded piston cylinder device at 1-2 GPa and 1400-1550°C at the experimental petrology laboratory of Rice University, following assembly and calibration as given in Tsuno and Dasgupta [2011] . The pressure and temperature conditions chosen were representative of the conditions at which most Martian basalts were generated [e.g., Musselwhite et al., 2006; Filiberto et al., 2010; Dasgupta, 2011, 2015] . Graphite capsule was used as a source of carbon and to ensure graphite saturation of silicate melt. Experiments were pressurized first at room temperature and then heated at the rate of 100°C/min. In order to reduce porosity in the graphite capsules and prevent leakage of Fe-Ni alloy melt, experiments were held at 850°C for 1-3 h and then raised to the desired nominal temperature of the experiments. During the run, temperature was monitored and controlled using a type-C (W 95 Re 5 -W 74 Re 26 ) thermocouple. P-T uncertainties are estimated to be ±0.1 GPa and ±12°C. All experiments were brought down ≤100°C within 10-20 s by switching off the electricity to the heater.
Analytical Methods
Electron Probe Microanalyzer
Quantitative, wavelength dispersive spectroscopic analyses of major and minor element compositions of silicate melt and alloy melt were carried out on a Cameca SX-100 electron microprobe in NASA Johnson Space Center. For the measurement of major elements in silicate glasses, a beam diameter of 20 μm, 15 kV accelerating voltage, and 10 nA beam current for all elements were used both for standardization and sample measurement. Both synthetic and natural standards were used for calibration: oligoclase for Na, orthoclase for K, fayalite for Fe, rutile for Ti, chromite for Cr, metallic Ni for Ni, apatite for P, rhodonite for Mn, and a synthetic basaltic glass for Al, Ca, Si, and Mg. The peak counting time was 20 s except for Na and K, which were measured for 10 s. For analyzing quenched Fe-Ni alloy melt, the samples and standards were uncoated but surrounded with conductive silver paint to avoid charge buildup during electron probe microanalyzer analysis similar to the technique of Tsuno and Dasgupta [2015] . The standards used included pure Ni metal for Ni, pure Fe metal for Fe, and an experimentally synthesized, stoichiometric Fe 3 C [Walker et al., 2013] for carbon. Analytical condition for alloy melt analysis was 12 kV accelerating voltage, 80 nA beam current, and 20-30 micron beam diameter. Carbon was analyzed using a LPC2 multilayer spectrometer, and counting times were 10 s at peak and 5 s at each background. An anticontaminant device cooled with liquid N 2 was used to minimize carbon blank concentration, and the amount of carbon contamination from the sample surface was estimated to be~0.4 wt % by analyzing pure Si and Fe metals, according to the protocol of Dasgupta and Walker [2008] .
Secondary Ion Mass Spectrometry
The bulk carbon and water contents in the quenched silicate glasses were determined using a Cameca IMS 1280 ion microprobe at Woods Hole Oceanographic Institution, using the same procedures and standardization as described in previous studies [Chi et al., 2014; Dasgupta et al., 2013a; Li et al., 2015 Li et al., , 2016 . The Cs + primary beam current was 1 nA, and the beam was rastered over~30 × 30 μm² area. A secondary voltage was 10 kV, with electron gun compensation for positive charge buildup on the sample surface. A secondary field aperture was used to block transmission of ions from outside of the innermost~10 × 10 μm² of the analysis crater, therefore effectively minimizing any potential carbon surface contamination in the measurement. [Helo et al., 2011] . About 3-6 spots were analyzed for <d.L. below detection limit. For silicate glasses of each sample, 3-6 spots were analyzed using SIMS and 2-5 spots were analyzed using FTIR. The calculated carbon content at graphite-saturation using the model of Holloway et al. [1992] .
f NBO/T = 2 total O/T À 4 (T = Si + Ti + Al + Cr + P). Li et al. [2015] , during the analytical session, no considerable deviation was observed and the calculated CO 2 content (166 ± 5 ppm) of the standard glass (ALV519-4-1) was in good agreement with its nominal value (165 ppm).
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Raman and FTIR Spectroscopy
Raman and Fourier transformed infrared (FTIR) spectroscopy were used for determining and quantifying the possible C-H-O species in the silicate glasses, following methodologies detailed in recent studies [Chi et al., 2014; Dasgupta et al., 2013a; Li et al., 2015 Li et al., , 2016 . A Renishaw inVia Raman microscope equipped with a 514 nm laser at Rice University was employed. Raman spectra were collected in the frequency range of 200-4500 cm À1 with 1 cm À1 resolution, using a 50× objective lens and output power of 23 mW. Spectrum at each point in this study was accumulated 2 times with exposure time about 200 s to detect the possible C-H-O species with very low contents.
FTIR spectroscopy with a Thermo Nicolet Fourier Transform Infrared Spectrometer was employed following the protocol in the recent studies Dasgupta, 2014, 2015; Li et al., 2015 Li et al., , 2016 . Sample glasses were doubly polished to thicknesses of about 200-300 μm. Spectra were recorded with 4 cm À1 resolution, from 650 to 4000 cm À1 , averaging 128 scans. A nitrogen purge was used to eliminate atmospheric gasses with backgrounds collected before each analysis.
Results
Texture of the Experimental Products
All the experiments produced quenched blobs of Fe-Ni alloy melt embedded in silicate glasses (Figure 1 ). The silicate melts in all the runs were quenched into glasses. The alloy melts exsolved into two phases during quench. The bright one is a Ni-rich alloy phase, and the gray one is an Fe-rich phase (Figure 1 ). Runs G403, G404, and G409 contained about 15-30% silicate minerals (clinopyroxene ± olivine) at the bottom of the sample capsules.
Major Element Compositions and Estimation of Oxygen Fugacity
The major and minor element compositions measured for coexisting silicate and alloy melts are tabulated in Table 3 . Compared to the compositions of starting silicate, the silicate melt compositions were slightly FeO-rich (up to 22 wt %), probably due to oxidation of a small fraction of Fe in the alloy during the run. In Fe-Ni-C alloy melt, the Fe content is between 7.4 and 71.8 wt %, Ni is between 23.4 and 91.1 wt %, and C is between 3.2 and 5.7 wt %.
Following the method used in our previous studies [Chi et al., 2014; Dasgupta et al., 2013a; Li et al., 2015 Li et al., , 2016 , the oxygen fugacity (fO 2 ) prevailing during the experiments was calculated from the coexistence of Fe-rich alloy melt and silicate melt with finite FeO content using the following equilibrium:
from which the fO 2 relative to fO 2 of the iron-wustite buffer (IW), at any given P-T, can be defined as
The a FeO represents the activity of FeO component in silicate melt; a Fe represents the activity of Fe component in alloy melt; X FeO and X Fe are the mole fractions of FeO in silicate melt and Fe in alloy melt, respectively; and γ FeO and γ Fe are the activity coefficients of FeO in silicate melt and Fe in alloy melt, respectively. Calculations of fO 2 using both ideal (γ FeO = 1 and γ Fe = 1; ideal fO 2 ) and nonideal solution models (nonideal fO 2 ) were performed. The fO 2 calculation using the nonideal solution model was performed assuming γ FeO =~1.5 [Holzheid et al., 1997; O'Neill and Eggins, 2002] . Activity coefficients of Fe in Fe-rich melt, γ Fe , were calculated using the ε approach, which takes into account the nonideal interaction between all the components in the Fe-rich alloy melt [Ma, www.earth.ox.ac.uk/~expet/metalact/) provided by the University of Oxford [Wood et al., 2013] was used to calculate the Fe activity in alloy melt.
The calculated ideal fO 2 values are, in general,~0.7 log units lower than the nonideal fO 2 values, and the nonideal fO 2 values of all the runs were between IW À 0.39 and IW + 1.51 (see Table 2 ). The consistent difference between the ideal fO 2 and the nonideal fO 2 and the nearly perfect correlation between the nonideal fO 2 and carbon solubility (see below) indicate that using the ε approach to estimate the activity coefficient of Fe in the Fe-Ni alloy with up to 90 wt % Ni is still valid. All the fO 2 values mentioned hereafter refer to nonideal fO 2 values.
Bulk Water Content and C-H-O Species in Silicate Melt
The data of bulk water content in silicate melt determined using secondary ion mass spectrometry (SIMS) are tabulated in Table 2 . The bulk water content in silicate melts of runs G403-G407 ranges from 0.24 to 0.59 wt %, whereas in silicate melts of runs G408 and G409 it is about 0.09 wt %. All these data are comparable to previous, similar studies on carbon solubility in reduced basaltic melts [Armstrong et al., 2015; Chi et al., 2014; Stanley et al., 2014; Dasgupta et al., 2013a; Li et al., 2015 Li et al., , 2016 .
Typical Raman and FTIR spectra are shown in Figure 2 . The typical peaks of H 2 (~4100 cm
À1
) and CH 4 (2900 cm À1 ) as observed normally for graphite-saturated silicate melts with similar H 2 O content and logfO 2 < IW À 1 were not observed from the present Raman spectra (Figure 2a ). The asymmetrical , which was proposed to be iron carbonyl by Stanley et al. [2014] and Wetzel et al. [2013] or to be C≡O by Yoshioka et al. [2015] and Armstrong et al. [2015] , is not present in the Raman spectra.
Typical FTIR spectra are shown in Figure 2b . Figure 2b shows that spectra of the silicate glasses synthesized at relatively oxidized conditions (IW + 0.68 to IW + 1.51; runs G403-G407) contain carbonate doublets at 1420 and 1510 cm À1 , which are absent for the sample glasses synthesized at relatively reduced conditions (IW À 0.39 to IW À 0.05; runs G408 and G409). All the spectra had a broad peak at~3550 cm
, indicating the presence of OH À in the glasses. The dissolved OH À content and carbonate content were quantified using the Beer-Lambert law. The integrated molar extinction coefficient (Ɛ*) of 81,500 L mol À1 cm À2 determined by Stanley et al. [2011] for Humphrey Martian basalt and used in Armstrong et al. [2015] was used for quantifying the carbonate content. The molar extinction coefficient (Ɛ) of 78 L mol À1 cm À1 from Jendrzejewski et al. [1996] and used in Armstrong et al. [2015] for water at~3550 cm À1 in Humphrey Martian basalt was used for quantifying the H 2 O content. The results showed that the carbon contents in the form of carbonate for the oxidized glasses (runs G403-G407) were~90-2400 ppm, and the OH À (expressed as H 2 O) contents in all the silicate glasses ranged from~0.04 to 0.3 wt %, which are systematically lower than the corresponding bulk H 2 O contents determined by SIMS (see Table 2 ).
Carbon Solubility in Silicate and Fe-Ni-C Melts and D metal=silicate C
The carbon solubility data in silicate melt and Fe-Ni-C melt are tabulated in Table 2 . The carbon solubility in silicate melt determined by SIMS for all the runs ranges from 21 to 1388 ppm and increases with increasing oxygen fugacity ( Figure 3 and Table 2 ). The correlation between carbon solubility in silicate melt and oxygen fugacity can be described as
A comparison between the bulk carbon determined by SIMS, carbon as carbonate determined by FTIR, and the carbonate carbon calculated using the model of Stanley et al. [2011] and Holloway et al. [1992] is also provided in Figure 3 and Table 2 . At the most oxidized conditions (IW + 1.24 to IW + 1.51; runs G403 and G404), the carbonate carbon determined by FTIR is about 2 times higher than the bulk carbon determined by SIMS, whereas at the intermediate oxygen fugacity (IW + 0.68 to IW + 0.72; runs G405 and G407), the carbonate carbon determined by FTIR is only about half of the bulk carbon determined by SIMS. At the most reduced conditions (IW À 0.39 to IW À 0.05; runs G408 and G409), the bulk carbon determined by SIMS is about 20-30 ppm; however, no carbonate was detected by FTIR even though the samples were prepared to be as thick as 300 μm. The disparity of the SIMS data and FTIR data could possibly be caused by the relatively high detection limit of FTIR and the used extinction coefficient, which was obtained from basaltic melts containing 1-3 wt % CO 2 [Stanley et al., 2011] . The carbonate carbon calculated using the models of Holloway et al. [1992] and Stanley et al. [2011] is systematically lower than the bulk carbon determined by SIMS by a factor of 2-4 ( Figure 3 and Table 2 ). The reason for which will be discussed below. a NBO/T = 2 total O/T À 4 (T = Si + Ti + Al + Cr + P). For each sample, 10-20 spots were analyzed, and 1σ is the standard deviation based on the replicate analyses.
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The carbon solubility in Fe-Ni-C melt is between 3.2 and 5.7 wt % ( Table 2 for detailed experimental P-T-fO 2 conditions. Note that in the Raman spectra (Figure 2a ), no peaks that can be ascribed to methane, iron carbonyl, or C≡O were observed. Also note that in the FTIR spectra (Figure 2b ), only carbonate peaks were observed and the relative intensity of these peaks increases with increasing oxygen fugacity.
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increasing oxygen fugacity. The D metal=silicate C measured here at fO 2 below the IW buffer are consistent with those data in previous studies [e.g., Chi et al., 2014; Li et al., 2015 Li et al., , 2016 , but no previous studies report any D metal=silicate C data at fO 2 above the IW buffer. and silicate melt, respectively, as tabulated in Table 2 . See text for more details.
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5. Discussion
Carbon Dissolution in Reduced Mafic Silicate Melts
Previous spectroscopic studies show that carbon is dissolved mainly as carbonate in mafic melt at fO 2 around FMQ ± 2 [Holloway et al., 1992; Stanley et al., 2011; Ni and Keppler, 2013; Duncan and Dasgupta, 2014; . However, the carbon speciation in reduced mafic melt with logfO 2 below IW + 2 remains quite debated [Kadik et al., 2004; Dasgupta et al., 2013b; Wetzel et al., 2013; Stanley et al., 2011 Stanley et al., , 2014 Chi et al., 2014; Li et al., 2015; Yoshioka et al., 2015; Armstrong et al., 2015; Li et al., 2016] . Kadik et al. [2004] suggested that atomic carbon or amorphous carbon, and Si-C complex might exist in their silicate melt with 1-2 wt % H 2 O and logfO 2 of~IW À 2.3, which, however, have never been confirmed by any other studies. Wetzel et al.
[2013] assigned the Raman peak at 2110 cm À1 to be iron carbonyl [(Fe(CO) [2014] showed that their basaltic melt with~0.4 wt % water does not contain hydrogenated carbon but probably iron carbonyl or C≡O bearing species at logfO 2 between IW À 0.3 and IW À 0.8. However, Yoshioka et al. [2015] show that the Raman peak at 2110 cm À1 is also present in the basaltic melt free of FeO, which strongly suggests that the peak at 2110 cm À1 cannot be assigned to iron carbonyl. Therefore, Armstrong et al. [2015] proposed that the noncarbonate carbon in their basaltic melts at logfO 2 of IW À 1 to IW + 1.7 may be mainly as C≡O.
Our six new experiments presented here allow us to reassess the speciation of carbon in reduced basaltic melt. The dissolution of carbon in silicate melt at graphite saturation can be described as
The equilibrium constant of equation (4) can be written as
Equation (8) can be arranged as
At a given P and T condition, equation (9) can be rearranged as
Similarly, the following equation can also be derived from equation (5).
In equations (10) and (11), C is carbon solubility in silicate melt, in ppm, and a and b are constants. Equation (10) implies that if carbon is dissolved mainly as C≡O in silicate melt, then log (C, ppm) should increase with ½ logfO 2 . Equation (11) implies that if carbon is dissolved mainly as carbonate in silicate melt, then log (C, ppm) should increase with logfO 2 . If carbon dissolution in silicate melt is both as C≡O and as CO 2À 3 and if CH 4 is not present, then log (C, ppm) should increase with x logfO 2 , where x is between 0.5 and 1. The fitting of our six data points yields a slope of 0.97 (Figure 3b ). This therefore strongly suggests that the main carbon species in our basaltic melt is as CO 2À 3 , rather than C≡O or other carbon species, consistent with our Raman and FTIR measurements (Figure 2 ).
Equations (6) and (7) suggest that a considerable amount of CH 4 could be dissolved in silicate melt, if melt H 2 O content is sufficiently high and fO 2 is sufficiently low, as observed in our previous studies [Dasgupta et al., 2013b; Chi et al., 2014; Li et al., 2015 Li et al., , 2016 . However, Li et al. [2015] showed that a considerable amount of CH 4 can only be present in the basaltic melt with logfO 2 below IW À 0.6 and melt H 2 O content of 0.22-0.55 wt %. At 1600°C and 3 GPa, even though the melt H 2 O content is about 0.19 wt % and logfO 2 is Journal of Geophysical Research: Planets 10.1002/2017JE005289 as low as IW À 2.2, only about 12 ppm CH 4 was present in the basaltic melt [Li et al., 2015] . Therefore, if any CH 4 is present in the basaltic melts of the relatively reduced runs G408 (0.09 wt % H 2 O; logfO 2 of IW À 0.05) and G409 (0.09 wt % H 2 O; logfO 2 of IW À 0.39), it should be negligible. This notion is consistent with the Raman measurements that document no signs of carbonyl complexes or C≡O and also the slope of 0.97 in the log(C, ppm) À logfO 2 plot (Figure 3b) . Accordingly, our conclusion is that the carbon species dissolved in our basaltic melts is nearly pure carbonate at logfO 2 of IW À 0.39 to IW + 1.51 and at the P-T range studied. However, it should be noted that the presence of only carbonate in our two low H 2 O and reduced runs G408 and G409 does not mean the absence of CH 4 in the silicate melt at similar P-T-fO 2 but with higher H 2 O content.
A Model to Predict Carbon Solubility in Reduced Mafic Silicate Melts
As shown previously, the carbon content in reduced Martian basalt measured by SIMS is 2-4 times higher than that calculated using the models of Holloway et al. [1992] and Stanley et al. [2011] . The main reason for this difference may be due to the fact that both previous models were calibrated on the CO 2 solubility in a single Hawaiian tholeiitic basalt or Martian Humphrey basalt at oxidized conditions. Therefore, the application of these two models to a different mafic melt at reduced conditions may lead to large errors. Thus, one important goal of this study is to develop a model that can be used to predict carbon solubility in reduced mafic silicate melts generated by partial melting of the Martian mantle, the Mercurian mantle, and the lunar mantle. So far, a number of studies have investigated the carbon solubility in terrestrial mid-ocean ridge and alkaline basalts, in lunar basalts, in Martian basalts, and Mercurian mantle melt-like, FeO-poor mafic silicate melts at pressures of 0.85 to 8 GPa, temperatures of 1345 to 2200°C, and logfO 2 of IW À 5.3 to IW + 1.7 [Dasgupta et al., 2013b; Wetzel et al., 2013; Chi et al., 2014; Stanley et al., 2014; Li et al., 2015; Armstrong et al., 2015; Li et al., 2016; . We will therefore take advantage of these available studies together with this study where we extended our experiments to relatively oxidizing conditions, to develop an empirical model that can be widely used to model carbon contents in the mantle partial melts of Mars, Mercury, and the Moon at graphite saturation. We note that in developing the models for carbon solubility at graphite saturation for mafic melts in this study we did not include recent experimental studies of graphite-saturated carbon solubility for more silicic melts where molecular CO 2 is also a key dissolved species [Eguchi and Dasgupta, 2017; . Table S1 in the supporting information and Figure 4 show all the previous graphite-saturated carbon solubility data along with our new data as a function of oxygen fugacity and melt H 2 O content. As shown in Figure 4 , the carbon solubility in mafic melts is a strong function of oxygen fugacity. At logfO 2 above IW À 1, the carbon solubility decreases significantly with decreasing oxygen fugacity, while at logfO 2 below IW À 1, the carbon solubility increases with decreasing oxygen fugacity and increasing melt H 2 O content. The main reason for the variation of carbon solubility with oxygen fugacity and melt H 2 O content is that at logfO 2 above IW À 1, the main carbon species in silicate melt is carbonate, the dissolution of which decreases with decreasing oxygen fugacity (equation (5)), whereas at logfO 2 below IW À 1, the main carbon species in Figure 4 . The carbon solubility in silicate melt at graphite saturation as a function of oxygen fugacity and melt H 2 O content. Note that the solution behavior of carbon, based on the compiled studies, seem to change at logfO 2 of~IW À 1. We postulate that this change is mostly due to the change of carbon species with oxygen fugacity and melt H 2 O content. At logfO 2 above IW À 1, the main carbon species in silicate melt is carbonate, which decreases with decreasing oxygen fugacity, while at logfO 2 below IW À 1, the main carbon species is methane, which increases with decreasing oxygen fugacity and melt H 2 O content. All the data used here are tabulated in Table S1 .
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silicate melt is methane, the dissolution of which increases with decreasing oxygen fugacity and increasing melt H 2 O content (equations (6) and (7)). In addition to oxygen fugacity and melt H 2 O content, other factors can also affect carbon solubility. Increasing pressure may decrease the carbon content in graphite-saturated mafic silicate melt, while increasing temperature would increase the carbon solubility in mafic silicate melt [Dasgupta et al., 2013b; Chi et al., 2014; . The silicate melt composition may also significantly affect graphite-saturated carbon content [Iacono-Marziano et al., 2012; Dasgupta et al., 2013a; . We here use NBO/T (NBO/T = 2 total O/T À 4; T = Si + Ti + Al + Cr + P) to express the variation of mafic silicate melt composition, which may be appropriate as long as our model is restricted to broadly basaltic compositions . In addition, at oxidizing conditions, the presence of H 2 O may cause melt depolymerization and thus the enhancement of carbonate solubility in silicate melt . Taking all of these factors into consideration and using all the previous carbon solubility data (Table S1 and Figure 4 ) obtained at conditions relevant for partial melting of the Martian mantle, the Mercurian mantle, and the lunar mantle, two empirical equations were derived in order to predict carbon solubility in reduced mantle melts: 
in which T is temperature in K, P is pressure in GPa, X H2O is mole fraction of water in silicate melt, and ΔIW is the oxygen fugacity relative to the Fe-FeO buffer. Equation (12) indicates that the increase of temperature, NBO/T, and oxygen fugacity would result in the increase of carbon solubility in mafic silicate melt, whereas the increase of pressure would result in the decrease of carbon solubility in mafic silicate melt. The effect of water remains to be a large uncertainty, which implies the insignificant effect of melt water on carbon solubility at graphite saturation at logfO 2 ≥ IW À 1. The coefficient of 0.55 for the oxygen fugacity term (ΔIW) may mean that besides carbonate, other carbon species such as methane or other reduced species may also be present in the silicate melt, particularly at high melt H 2 O content in the previous studies [Dasgupta et al., 2013b; Chi et al., 2014; Li et al., 2016; Wetzel et al., 2013] , although carbonate is the dominant carbon species in the experiments of this study. Equation (13) indicates that at logfO 2 ≤ IW À 1, melt water content and oxygen fugacity play a significant role in controlling carbon solubility in mafic silicate melt, while the effects of pressure, temperature, and melt composition (NBO/T) appear to be negligible, which thus leads us to fit all the data obtained at logfO 2 ≤ IW À 1 without taking pressure, temperature, and melt composition into account: Figure 5 shows how well equations (12) and (14) can capture the variability of the experimentally measured log(C, ppm) in mafic silicate melt. In the following sections, we will apply our empirical model to predict the carbon content in reduced planetary mantle melts at graphite saturation.
Applications to the Degassing of Reduced Planetary Mantles 5.3.1. Carbon Degassing of the Martian Mantle
The evidence in support of the presence of liquid water on the Martian surface during the late Noachian and Hesperian epochs requires that a significant amount of greenhouse gasses existed in the Martian atmosphere [Carr, 1999; Kasting, 1997; Mangold et al., 2004; Ramirez et al., 2014; Squyres et al., 2004] . A highly likely candidate for these greenhouse gasses is CO 2 [Carr, 1999; Jakosky and Phillips, 2001] , with other gasses such as SO 2 , H 2 , and CH 4 proposed as well [Ding et al., 2014 [Ding et al., , 2015 Halevy et al., 2007; Ramirez et al., 2014; Righter et al., 2009] . Similar to that in the Earth, a large fraction of Martian atmosphere may have been formed and maintained on long time scales by degassing of the mantle via partial melting. A few previous studies have
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estimated the quantity of CO 2 released from the Martian mantle during the formation of Martian crust [Hirschmann and Withers, 2008; Stanley et al., 2011 Stanley et al., , 2012 Stanley et al., , 2014 . However, these studies always assumed that graphite is saturated during partial melting of the Martian mantle, considering the relatively low fO 2 of the Martian mantle [Wadhwa, 2008] . Moreover, the model used in these previous studies for predicting carbon solubility in the Martian mantle melt was established on the CO 2 solubility in Martian basalts at oxidized, vapor-present conditions [e.g., Stanley et al., 2011] ; however, as shown previously, this model appears to underestimate carbon solubility in the Martian basalts measured here at reduced conditions. Most importantly, carbon content (as CO 2 or as bulk C) of graphite-saturated Martian basalts are estimated Figure 5 . Comparison of the experimentally measured C (in ppm) versus predicted C (in ppm) in basaltic silicate melt (SM) using (a) equation (12) and (b) equation (14), i.e., at logfO 2 > IW À 1 and logfO 2 < IW À 1, respectively. The dashed lines in Figures 5a and 5b correspond to the 1σ error of our regression, 0.18 and 0.24, respectively.
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at high P-T for a couple of specific melt compositions and compositionbased model for estimating carbon content of graphite-saturated mafic magmas of variable compositions is scarce and thus far only been constructed for terrestrial basaltperidotite join and not for exploring full compositional spectrum within high-to low-FeO basalts . Below we use our new model to discuss whether graphite is saturated during partial melting of the Martian mantle and also to discuss the maximum CO 2 that can be released during the Martian magmatic crust production process.
If graphite is saturated in the Martian mantle during the extraction of basaltic melt, the carbon content in the basaltic melt can be constrained by carbon content in the basaltic melt at graphite saturation, as long as the melt composition, the P-T conditions of melting, and the fugacity of oxygen are known. However, depending on the degree of melting and the bulk abundance of carbon in the Martian mantle, graphite could be exhausted during partial melting. Figure 6 shows the variation of carbon content in basaltic melt as a function of carbon abundance in the Martian mantle, and the degree of mantle melting. As the carbon abundance in the Martian mantle remains largely unknown [Filiberto et al., 2016] , a range of 5-50 ppm carbon was used in the calculation (Figure 6 ). The high end of these values is sufficiently higher than the carbon abundance constrained for the Martian mantle [Grady et al., 2004; Grady and Wright, 2006; Chi et al., 2014] . In Figure 6 , the degree of melting, and the corresponding P-T conditions and melt compositions are based on the melt composition-melt fraction data obtained at 1.5 GPa by Bertka and Holloway [1994] . The carbon content at graphite saturation was calculated at three different oxygen fugacities, using equation (12). It can be seen from Figure 6 that at logfO 2 of IW + 1, 3% melting would exhaust all the graphite if the carbon abundance in the mantle source is 10 ppm, and 15% melting would exhaust all the graphite if the carbon abundance is 50 ppm. However, at logfO 2 of IW À 1, graphite would always be saturated during the generation of Martian basalts, if the carbon abundance in the mantle source is no less than 10 ppm. This is mainly due to the very low carbon solubility in the Martian basaltic melt. Carbon is highly incompatible in silicate minerals [Rosenthal et al., 2015; Shcheka et al., 2006] but highly compatible in alloy melt [Chi et al., 2014; Dasgupta et al., 2013b; Li et al., 2015 Li et al., , 2016 . Therefore, the Martian mantle after core formation and solidification of the magma ocean may be significantly depleted in carbon. Chi et al. [2014] showed that <0.5 ppm carbon would be left in the Martian mantle after core-mantle separation, even if 3000 ppm carbon participated in core-mantle equilibrium in a magma ocean. Grady and Wright [2006] estimated a mantle carbon abundance of 4 ppm by analyzing Martian meteorites. Accordingly, it is highly likely that the Martian mantle carbon abundance is much less than that of the Earth [Grady and Wright, 2006] , and a considerable fraction of Martian basalts may have been generated by partial melting in the absence of graphite saturation, in particular at logfO 2 of IW to IW + 1. . Carbon concentration in Martian basaltic melt as a function of degree of partial melting and carbon abundance in the mantle source. The blue, red, and orange curves are the calculated carbon solubility in Martian basaltic melts at three different oxygen fugacities. The degree of partial melting, and the corresponding P-T and melt composition were based on the melt composition-melt fraction data obtained at 1.5 GPa by Bertka and Holloway [1994] . The black curves represent dilution of the melt carbon content after the exhaustion of graphite for bulk Martian mantle with 5-50 ppm carbon. The cross between the black curves and other carbon solubility curves, as indicated by the star, refers to the point at which graphite is exhausted at certain oxygen fugacity and extent of melting. For example, at logfO 2 of IW and 10 ppm carbon in the mantle source, about 11% melting of the Martian mantle could result in graphite undersaturation. The dashed bands refer to the possible degree of partial melting estimated for different Martian basalts [Filiberto and Dasgupta, 2011] and indicate that many Martian basalts may have been produced at graphite undersaturation. The error bars show the errors of calculated carbon solubility at three different oxygen fugacities.
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Assuming that the Martian mantle is always saturated with graphite during partial melting, the dissolved maximum carbon content in the Martian basalts can be calculated using equation (12). Filiberto and Dasgupta [2011] provided 22 fractionation-corrected Martian basaltic compositions and the corresponding generating P-T conditions, based on compositions of surface Martian basalts form different locations in Gusev crater and Bounce Rock in Meridiani Planum. For these 22 primitive Martian basaltic compositions, we have calculated their carbon solubility at logfO 2 of IW À 1, IW, and IW + 1. The results (Figure 7a) show that at logfO 2 of IW + 1, IW, and IW À 1, the carbon solubility in Martian basaltic melt is 302 ± 102 ppm, 85 ± 28 ppm, and 24 ± 8 ppm, respectively. These values are about 1-30 times higher than the carbon solubility calculated using the models of Holloway et al. [1992] and Stanley et al. [2011] (Figure 7b) , consistent with the results presented in Figure 3 and Table 2 . This could be ascribed to the variation of silicate melt composition and the presence of reduced carbon species in the presence of water and at low oxygen fugacity, because the models of Holloway et al. [1992] and Stanley et al. [2011] are based on CO 2 solubility in a single basaltic melt at oxidized conditions, without taking the effects of melt composition and water into account. Using these newly calculated values and the magmatic production model of Hirschmann and Withers [2008] , the total volcanic outgassing of carbon as CO 2 was calculated for Mars from 4.5 Ga to the present (Figure 8 ). The calculations in Figure 8 assumed that all the carbon degassed into the atmosphere was eventually converted into CO 2 and no CO 2 was removed from the atmosphere, although CH 4 and/or CO may also degas directly into the atmosphere [Li et al., 2015; Gaillard et al., 2012; Gaillard et al., 2015; Wetzel et al., 2013] . (12) and using the (b) models of Holloway et al. [1992] and Stanley et al. [2011] . Note that the calculated carbon content based on equation (12) is higher than that based on the models of Holloway et al. [1992] and Stanley et al. [2011] , in particular at reduced conditions. The main reason for this difference could be the fact that both models of Holloway et al. [1992] and Stanley et al. [2011] were calibrated on CO 2 solubility in an oxidized basaltic melt of a single composition, without taking the effects of melt composition and other carbon species into account, whereas in equation (12), all the factors (P, T, melt H 2 O, melt composition, and fO 2 ) that potentially affect the carbon solubility in reduced mafic silicate melt are included. Figure 8 . Total volcanic outgassing of CO 2 calculated for Mars from 4.5 Ga to the present, assuming that graphite is always saturated during mantle melt extraction. The cumulative magmatic flux (right y axis) was calculated using the magmatic production model of Hirschmann and Withers [2008] . The average values of carbon solubility in the 22 primitive Martian basaltic melt at logfO 2 of IW À 1 to IW + 1, shown in Figure 7a , are taken as the carbon solubility in the Martian basaltic melt involved in these calculations. The "strong greenhouse" of 2 bar, thought to be efficient to warm the early Mars, is based on Pepin [1994] and Manning et al. [2006] .
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10.1002/2017JE005289 Figure 8 shows that the cumulated CO 2 in the Martian atmosphere would be less than 0.1 bar if logfO 2 of the mantle source is IW À 1. At logfO 2 of IW, the cumulated CO 2 pressure is less than 0.2 bar, and at logfO 2 of IW + 1 the accumulated CO 2 pressure is less than 0.5 bar. Considering that at logfO 2 of IW to IW + 1, graphite may not be saturated during Martian mantle melting, the actual CO 2 released by Martian mantle should be considerably less than these values. Previous studies of Pepin [1994] , Carr [1999] , and Manning et al. [2006] argued that the CO 2 partial pressure in the atmosphere of Mars may need to be above 2 bars to work as a strong greenhouse gas. Therefore, the CO 2 released from the Martian mantle magmatic degassing alone cannot be sufficient to warm the early Mars. This conclusion is, in general, consistent with the conclusions of Hirschmann and Withers [2008] and Stanley et al. [2011 Stanley et al. [ , 2012 , which show that the maximum CO 2 partial pressure in the Martian atmosphere may reach up to 1 bar.
In the case graphite is exhausted during Martian mantle melting, the total CO 2 flux during generation of the Martian crust can also be calculated. For example, at logfO 2 of IW and 14% degree of mantle melting in average, the cumulated CO 2 in the atmosphere during the past 4.5 billion years would be about 0.004 bar and 0.008 bar, respectively, if we assume 5 and 10 ppm carbon in the Martian mantle. 5.3.2. Carbon Degassing of the Lunar Mantle Several volatiles including CO, H 2 , H 2 O, and SO 2 have been suggested to be the potential propellant for lunar fire-fountain eruptions; however, which volatile is the main propellant is still under debate . A number of studies have proposed that CO, produced likely by graphite oxidation at shallow depth, could be the main propellant [Fogel and Rutherford, 1995; Nicholis and Rutherford, 2009; Rutherford and Papale, 2009] . However, graphite has never been found in lunar materials. Most recently, Wetzel et al.
[2015] estimated a carbon content of 40-60 ppm in lunar basaltic melt inclusion hosted by olivine of the pyroclastic glass, suggesting again that CO 2 /CO could be the main volatile driving fire-fountain eruptions. However, so far only very limited data of carbon content in lunar basaltic melt are available, which hampers our full understanding of the role of carbon in lunar fire-fountain eruptions. The model presented above allows for assessing the carbon degassing of the lunar mantle by partial melting and the role of carbon in lunar fire-fountain eruptions. The oxygen fugacity of the lunar mantle may be between IW À 2 and IW [Nicholis and Rutherford, 2009; Wadhwa, 2008] . At given P-T-fO 2 conditions of the lunar mantle, the above model shows that the maximum carbon content in partial melts of the lunar mantle can be achieved at graphite saturation. Using three representative compositions of high-TiO 2 , low-TiO 2 , and very low TiO 2 picritic glasses (corresponding to the lunar orange, yellow, and green glasses, respectively) and using the estimated P-T conditions for generating picritic melt in the lunar mantle [Shearer et al., 2006, Tables 4.6 and 4.9 , and references therein], the carbon solubility in the lunar picritic melts were calculated at three different oxygen fugacities (Figure 9 ). Figure 9 illustrates that about 40-200 ppm carbon could be dissolved in the silicate melt at logfO 2 of IW, which is similar to the values estimated by Wetzel et al. [2015] . However, at IW À 1 and IW À 2, the calculated carbon in the silicate melt is about 10 to 60 ppm and 9 ppm, respectively. Therefore, if the values estimated by Wetzel et al. [2015] are correct and representative, this indicates that the logfO 2 of the lunar mantle may be between IW À 1 and IW, not down to IW À 2, and the lunar mantle may be graphite saturated during melt extraction. However, if the lunar mantle oxygen fugacity is down to IW À 2, then Wetzel et al. [2015] may have overestimated the carbon content in the lunar picritic melt and carbon from the mantle cannot be one important propellant for lunar fire-fountain eruptions. Furthermore, if the lunar mantle oxygen fugacity is higher than IW, the values estimated by Wetzel et al. [2015] may indicate that the lunar mantle may not be saturated with graphite during melt extraction. 5.3.3. Carbon Degassing of the Mercurian Mantle One important finding from the MErcury Surface, Space ENvironment, GEochemistry, and Ranging (MESSENGER) spacecraft is that widespread volcanism existed on the surface of Mercury [Head et al., 2011 [Head et al., , 2008 Marchi et al., 2013; Thomas et al., 2014] . Similar to the fire-fountain eruptions on the Moon, explosive volcanism on the Mercury would also need volatiles such as CO, CO 2 , H 2 O, SO 2 , and/or H 2 S at the concentration level of hundreds to thousands of parts per million [Kerber et al., 2009; Thomas et al., 2015; Weider et al., 2016] . Based on the chemistry data of MESSENGER spacecraft, a number of recent studies have also found that the Mercurian mantle oxygen fugacity may be 3-6 log units below IW and the Mercurian crust may be significantly enriched in carbon and sulfur [McCubbin et al., 2012; Peplowski et al., 2016 Peplowski et al., , 2015 Zolotov, 2011; Zolotov et al., 2013; Namur et al., 2016a] The graphite-rich crust could be formed by graphite flotation during the early magma ocean stage, due to the relatively low density of graphite and the extremely reduced conditions of Mercury where carbon would be expelled from the S-and Si-rich core [Vander Kaaden and McCubbin, 2015; Li et al., 2016] . Whether the Mercurian mantle still contains graphite remains unknown, but it remains plausible that graphite was retained in the Mercurian mantle during the solidification of the Mercurian magma ocean. If this is the case, then partial melting of the Mercurian mantle or crust, responsible for the Mercurian volcanism, may have occurred at graphite saturation. To estimate how much Figure 9 . The calculated carbon content in graphite-saturated, lunar picritic melt as a function of oxygen fugacity, using equations (12) and (14). Three representative compositions of high-TiO 2 , low-TiO 2 , and very low TiO 2 (VLT) picritic glasses and the estimated P-T range for generating picritic melts in lunar mantle [Shearer et al., 2006, Tables 4.6 and 4.9] were used. In Table 4 .6 of Shearer et al. [2006] , for the high-TiO 2 picritic melt and the very low TiO 2 picritic melt, two representative compositions with slightly different TiO 2 and FeO are given, which are also adopted here to show the effect of melt composition on the calculated carbon content. Note that the high-TiO 2 , lot-TiO 2 , and very low TiO 2 picritic glasses correspond to the average Apollo 14, 17 orange glasses; Apollo 15 yellow glasses; and Apollo 14, 16 green glasses, respectively. A H 2 O content of 0.1 wt % was assumed in all the lunar picritic melts. The estimated carbon content (44-64 ppm) in lunar melt inclusions hosted by olivine in orange, yellow, and green glasses [Wetzel et al., 2015] was plotted for comparison. Note that at logfO 2 between IW À 1 and IW, the estimated carbon content by Wetzel et al. [2015] can be reproduced. Considering the fact that equation (14) was derived based on many graphite-saturated experiments that produced extremely reduced, FeOpoor silicate melts [e.g., Li et al., 2015 Li et al., , 2016 , the composition and oxygen fugacity of which are similar to those of Mercurian mantle-derived lavas in the Northern Volcanic Plains and the high-Mg region of the Intercrater Plains and Heavily Cratered Terrains [Malavergne et al., 2014; McCubbin, 2015, 2016; Zolotov et al., 2013; Namur et al., 2016b] , and considering that pressure and temperature play a negligible role in carbon solubility in very reduced silicate melt, we directly calculated the carbon solubility in Mercurian lavas as a function of oxygen fugacity and melt H 2 O content, using equation (14). The calculated results are presented in Figure 10 . It can be seen from Figure 10 that melt water plays an important role in controlling carbon solubility in Mercurian lavas. If the melt water content is ≤0.05 wt %, the carbon solubility would be ≤50 ppm. However, the carbon solubility may reach 300 ppm if the melt water content is 0.3 wt %. Moreover, it should be noted that in these reduced hydrous melt, the carbon is present as CH 4 , rather than CO 2 , as noted previously. Therefore, the capacity of partial melts of the Mercurian mantle in transporting deep carbon to the surface significantly depends on the water content in the mantle source region, at least if C-O-H is the chief volatiles. Hydrogen-bearing ionized molecules have been tentatively identified in the Mercurian surface by MESSENGER [Zurbuchen et al., 2008] . However, these molecules may have resulted from solar wind or cometary/meteoritic impacts [Zolotov, 2011, and references therein] . Mercurian endogenic water may not be excluded, but Zolotov [2011] proposed that the Mercurian mantle is likely to be depleted in water, considering that water is the major oxidizing agent in planetary bodies and the fact that the Mercurian mantle is very reduced. If this is correct and if the partial melts of the Mercurian mantle contain less than 0.01 wt % water, then the carbon (<10 ppm) brought by the Mercurian mantle melts to the surface cannot be an important propellant for the explosive volcanism on Mercury. Considering that the Mercurian crust is enriched in graphite, the production of CO at shallow depth by graphite oxidation may be one mechanism for the driving of Mercurian explosive eruptions [Weider et al., 2016] . However, whether the reaction between graphite and partial melts of such reduced Mercurian mantle can produce significant CO needs to be tested experimentally.
Conclusions
Our experiments yielded carbon content of 20-1400 ppm in graphite-saturated model Martian basalts at temperatures of 1400-1550°C, pressures of 1-2 GPa, and logfO 2 of IW À 0.4 to IW + 1.5. The carbon content in graphite-saturated Martian basalts is mainly controlled by fO 2 at the P-T range studied. This is confirmed by our Raman and FTIR measurements on the quenched silicate glasses, which show that carbonate is the only carbon species detected, with the previously proposed iron carbonyl or C≡O being not detectable.
By combining with the previous literature data on carbon solubility in reduced mafic silicate melt, empirical models (equations (12) and (14)) were developed to predict the carbon content in graphite-saturated basaltic melts. Our new model differs from previous models of Holloway et al. [1992] and Stanley et al. [2011] by including all the factors (P, T, melt H 2 O, melt composition, and fO 2 ) that potentially affect Figure 10 . The calculated carbon content in graphite-saturated Mercurian mantle melt as a function of meltwater content and oxygen fugacity, using equation (14). See text for more details.
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carbon solubility in reduced mafic silicate melts, i.e., rather than being applicable for a single melt composition. Application of this new model to partial melts of the Martian mantle, the Mercurian mantle, and the lunar mantle shows that graphite may not be saturated during the extraction of some Martian basalts, and the cumulative CO 2 in the atmosphere during the magmatic formation of the Martian crust is much less than 1 bar, implying that CO 2 cannot be an efficient greenhouse gas in the early Mars. At fO 2 corresponding to the lunar mantle, the lunar picritic melt can bring a few tens to 200 ppm carbon from the mantle source to surface, and this carbon as CO 2 may be one of the main propellant driving the firefountain eruption on the Moon. The carbon content in graphite-saturated Mercurian mantle melt is mainly controlled by water content in the melt. Considering that the Mercurian mantle may be very depleted in water [Zolotov, 2011] , the capacity of the extremely reduced Mercurian mantle melt in transporting carbon may be very low. Consequently, the Mercurian mantle carbon may not be an important propellant for the explosive eruption on Mercury, although Mercury is a planet which may be quite rich in graphite. Our model, however, does not consider potential effects of other volatile species such as sulfur in affecting the graphite-saturated carbon solubility. Therefore, future studies should constrain the effects of high dissolved sulfur in reduced Mercurian partial melts on carbon solubility.
